Dyskeratosis congenita (DC) is an inherited bone marrow failure syndrome caused by germline mutations in telomere biology genes. Patients have extremely short telomeres for their age and a complex phenotype including oral leukoplakia, abnormal skin pigmentation, and dysplastic nails in addition to bone marrow failure, pulmonary fibrosis, stenosis of the esophagus, lacrimal ducts and urethra, developmental anomalies, and high risk of cancer. We evaluated a patient with features of DC, mood dysregulation, diabetes, and lack of pubertal development. Family history was not available but genome-wide genotyping was consistent with consanguinity. Whole exome sequencing identified 82 variants of interest in 80 genes based on the following criteria: homozygous, <0.1% minor allele frequency in public and in-house databases, nonsynonymous, and predicted deleterious by multiple in silico prediction programs. Six genes were identified likely contributory to the clinical presentation. The cause of DC is likely due to homozygous splice site variants in regulator of telomere elongation helicase 1, a known DC and telomere biology gene. A homozygous, missense variant in tryptophan hydroxylase 1 may be clinically important as this gene encodes the rate limiting step in serotonin biosynthesis, a biologic pathway connected with mood disorders.
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Four additional genes (SCN4A, LRP4, GDAP1L1, and SPTBN5) had rare, missense homozygous variants that we speculate may contribute to portions of the clinical phenotype. This case illustrates the value of conducting detailed clinical and genomic evaluations on rare patients in order to identify new areas of research into the functional consequences of rare variants and their contribution to human disease.
1 | I N TR ODU C TI ON Dyskeratosis congenita (DC) is a cancer-prone inherited bone marrow failure syndrome and the prototypic telomere biology disorder (TBD) (Bertuch, 2016) . The diagnostic triad consists of lacy reticular skin pigmentation, oral leukoplakia and dysplastic nails. Patients with DC are at a high risk of developing bone marrow failure with a cumulative incidence of at least 50% by the age of 40 years (Alter, Giri, Savage, & Rosenberg, 2009) . Clinical features of DC vary and include pulmonary disease, liver disease, neurologic and developmental issues, gastrointestinal or genitourinary stenosis, and ophthalmologic problems. Patients with DC have exceedingly short telomeres, the nucleoprotein complex at chromosome ends essential for chromosomal stability, due to germline mutations in key telomere biology genes. Currently there are at least 13 known causative genes of DC and related TBDs namely DKC1, TINF2, TERT, TERC, NOP10, NHP2, CTC1, WRAP53, RTEL1, ACD, PARN, NAF1, and STN1, which cumulatively account for 70-80% of patients with DC (Bertuch, 2016; Simon et al., 2016; Stanley et al., 2016; Takai et al., 2016) . Telomere length less than the 1st percentile for age, measured in leukocytes by flow cytometry with in situ hybridization (flow FISH) is diagnostic of DC (Alter et al., 2012) .
This report details the clinical and genetic features of an individual who, in addition to DC had multiple other medical problems not likely directly related to DC including diabetes, lack of pubertal development, and mood dysregulation probably due to numerous homozygous genetic variants. (Ballew et al., 2013; Mirabello et al., 2014) . Annotation of each exome variant locus was performed using a custom software pipeline.
WES variants were identified as of interest if they met the following criteria: homozygous, nonsynonymous, had a minor allele frequency (MAF) <0.1% in the Exome Aggregation Consortium (ExAc) databases, and occurred <5 times in our in house database of 4,091 individuals.
Variants of interest were validated to rule out false positive findings using an Ion 316 chip on the Ion PGM Sequencer (Life Technologies, Carlsbad, CA).
| Genotyping
Genome-wide single nucleotide polymorphisms (SNPs) genotyping was conducted using the Illumina OmniExpress Beadchip at the NCI's Cancer Genomics Research Laboratory. For SNP assays, sample completion rates, SNP call rates, and genotype concordance rates were calculated. Samples with completion rate less than 90% were excluded from copy number variant (CNV) analysis.
| Bioinformatics
The potential pathogenicity of variants was predicted using MetaSVM, a tool which is based on 10 component scores, SIFT, PolyPhen-2 HDIV, PolyPhen-2 HVAR, GERP11, MutationTaster, MutationAssessor, FATHMM, LRT, SiPhy, and PhyloP (Dong et al., 2015) . Human Splicing Finder was used to predict potential splice site changes (Desmet et al., 2009 ). The database for Genotypes and Phenotypes accession assigned to this study is phs001481.v1.p1.
| RE S U L TS

| Clinical presentation
The proband, NCI-323-1, was a 21-year-old male of Indian ancestry evaluated for DC due to the presence of pancytopenia, developmental delay, and very short telomeres. His past medical history was significant for intrauterine growth restriction and a birth weight of 3 pounds 6 ounces at 38 weeks gestation. Microcephaly, undescended testes, and respiratory distress were reported after birth. He was cared for in a special care nursery due to poor feeding and infection. The family history is unknown as he was adopted at 6 months of age. Multiple respiratory infections, irritable airway, and failure to thrive were reported through at least 4 years of age. Developmental delay, microcephaly, short stature were noted in infancy and have persisted. He first spoke in full sentences at 5 years of age. He had nonspecific gastrointestinal problems, including encopresis. Cytopenias were first noted at age 13 years during an evaluation for gastrointestinal symptoms (Table 1) .
Hypothyroidism was diagnosed at age 14 years. He was referred to a hematologist at age 16 years when he was found to have persistent thrombocytopenia and anemia while undergoing endocrine evaluation for short stature and delayed puberty. His bone marrow showed trilineage hypoplasia with cellularity of approximately 5%. Testing for Fanconi anemia was negative. Peripheral blood lymphocyte telomere lengths were very low at 3.1 kb (mean normal 16-year-old telomere length 8.3 kb, Figure 1 ). He was enrolled in the current study at that time and blood was drawn for exome sequencing. He was followed closely but not treated for the cytopenias. He also developed insulin dependent diabetes at 16 years of age.
The proband had psychiatric manifestations from early childhood that included mood disorder with "constant meltdowns." He was evaluated by a neurologist at age 4 years and treated with sertraline. Further child psychiatry evaluation at age 8 years for irritability and frequent crying episodes led to the diagnosis of bipolar disorder as per mother's recollection. His mood stabilized with the addition of quetiapine fumarate to the sertraline regimen. Quetiapine fumarate was later switched to aripiprazole and paroxetine. Clonazepam was given, as needed, for severe agitation. Unfortunately, at age 22 years, the patient developed severe pancytopenia and shortness of breath requiring hospitalization. He died 2 weeks later from progressive respiratory failure; no autopsy was performed.
| Loss of heterozygosity and copy number variation
Illumina OmniExpress genotyping identified 940 regions of loss of heterozygosity (LOH) that were at least 500 kilobases (kb) in size and found on all chromosomes. There were 71 LOH regions greater than 1 megabases (mb) in size and of 40 were more than 3 mb. The extent of homozygosity was consistent with first degree relative consanguinity (Supporting Information Table S1 ).
There were runs of homozygosity encompassing established neuropsychiatric risk CNVs at 1q, 2p, 7q, 16p, 15q, and 17q (Stefansson et al., 2014) . Notably, missense variants were present in two genes in these regions: rs375138650 in BCL9 at 1q21.2 and rs201093821 in CDR2 at 16p12.2. Both variants were predicted tolerated by meta-SVM but had combined annotation dependent depletion (CADD) scores >20; the CADD score suggests they could be deleterious but functional studies are required.
| Exome sequencing
There were 82 homozygous nonsynonymous variants in 80 genes with MAF less than 0.1% in population and in-house databases with high quality sequencing scores (details of filtering given in Methods) identified in the proband (Supporting Information Table S2 ). A combination of literature searches and evaluation of the biological pathways for each of these genes led us to further evaluate six genes possibly related to the proband's complex phenotype.
The cause of very short telomeres and DC clinical features, including nail abnormalities, oral leukoplakia, and bone marrow failure, in this patient is most likely due to the presence of homozygous variants in Table S2 ).
The proband was homozygous for a missense variant in the tryptophan hydroxylase 1 (TPH1) gene (rs570648870, chr11:18,042,689, c.
G1184A, p.R395H). Although previously undescribed as disease caus-
ing, all 10 pathogenicity predictors used by MetaSVM predicted this variant to be deleterious. TPH1 is the first and rate limiting step in serotonin biosynthesis as it required for the conversion of tryptophan to 5-OH-tryptophan which is then converted to serotonin (Waloen, Kleppe, Martinez, & Haavik, 2017) .
Additional homozygous variants of potential but uncertain clinical interest were also identified. There were two homozygous variants in SPTBN5, p.R2141W and p.R1367G (rs538566766 and rs530203497, respectively). Although MetaSVM predicts that these variants may be tolerated, it is not possible to predict the consequences of the presence of two rare homozygous variants in the same gene. SPTBN5 encodes spectrin beta-V, a protein with limited data but apparently important in the cytoskeleton structure and binding to microtubule-based motor proteins (Papal et al., 2013) .
Homozygosity for a likely pathogenic variant, p.M150L (rs543502873) was identified in SCN4A which encodes the sodium channel voltage-gated, type IV, alpha subunit. Pathogenic germline variants in SCN4A have been identified as the cause of a group of related muscular disorders including hypokalemic periodic paralysis (Vicart et al., 1993) .
A homozygous predicted damaging variant, p.R94Q, was present in the GDAP1L1 gene encoding ganglioside induced differentiation associated protein 1 like 1. This gene is similar in sequence to GDAP1, in which mutations cause Charcot-Marie-Tooth type 4A disease but its precise function is unknown (Bird, 1993) . Finally, rs528376810 in LRP4 (p.E1691K) is also predicted to be damaging.
Germline mutations in LRP4, which encodes LDL receptor-related protein 4, a member of the low-density lipoprotein receptor-related protein family, have been reported to cause autosomal recessive Cenani-Lenz syndrome, a disorder of limb and kidney malformations associated with altered Wnt and beta-catenin signaling (Li et al., 2010) .
| D ISC USSION
The patient reported here had multiple complex diseases, including DC, diabetes, mood dysregulation, and mildly dysmorphic features, requiring a multidisciplinary approach to diagnosis and medical management.
Identification of the genetic etiology in this setting can lead to important insights into the underlying biology and lead to new avenues of research. Numerous likely-disease associated variants were identified that could contribute to the patient's complex clinical phenotype. 
| 1435
The homozygous RTEL1 variant (chr20:62,321,005, c.2025 
is located in a region near other reported deleterious variants and is predicted to affect protein splicing (Ballew et al., 2013; Deng et al., 2013; Le Guen et al., 2013; Walne, Vulliamy, Kirwan, Plagnol, & Dokal, 2013 
